Mammography is the most reliable, e®ective, low cost and highly sensitive method for early detection of breast cancer. Mammogram analysis usually refers to the processing of mammograms with the goal of¯nding abnormality presented in the mammogram. Mammogram enhancement is one of the most critical tasks in automatic mammogram image analysis. Main purpose of mammogram enhancement is to enhance the contrast of details and subtle features while suppressing the background heavily. In this paper, a hybrid approach is proposed to enhance the contrast of microcalci¯cations while suppressing the background heavily, using fuzzy logic and mathematical morphology. First, mammogram is fuzzi¯ed using Gaussian fuzzy membership function whose bandwidth is computed using Kapur measure of entropy. After this, mathematical morphology is applied on fuzzi¯ed mammogram. Mathematical morphology provides tools for the extraction of microcalci¯cations even if the microcalci¯cations are located on a nonuniform background. Main advantage of Kapur measure of entropy over Shannon entropy is that Kapur measure of entropy has and parameters that can be used as adjustable values. These parameters can play an important role as tuning parameters in the image processing chain for the same class of images. Experiments have been conducted on images of mini-Mammogram Image Analysis Society (MIAS) database (UK). Experiment results of the proposed approach are compared with histogram equalization (HE), contrast limited adaptive histogram equalization (CLAHE) and fuzzy histogram hyperbolization (FHH) which are well-established image enhancement techniques. In order to validate the results, several di®erent kinds of standard test images (fatty, fatty-glandular and dense-glandular) of mini-MIAS database are considered. Objective image quality assessment parameters: Target-to-background contrast enhancement measurement based on standard deviation (TBC SD ), target-to-background contrast enhancement measurement based on entropy (TBC E ), contrast improvement index (CII), peak signal-to-noise ratio (PSNR) and average signal-to-noise ratio (ASNR) are used to evaluate the performance of proposed approach. The experimental results show that the proposed approach performs well. This study can be a part of developing a computer-aided diagnosis (CAD) system for early detection of breast cancer.
INTRODUCTION
Cancer is one of the leading causes of deaths among men and women in the world. Among the cancer diseases, breast cancer is especially concerned with women. According to the statistics, breast cancer is a major occurrence of cancer in women over the age group of 15À54 years old nowadays all over the world.
1 However, the causes of breast cancer are unknown and no single dominant cause has emerged. Still, there is no known way of preventing breast cancer but early detection is the key to improving breast cancer prognosis.
Mammography is one of the most e®ective tools in early detection of breast cancer. 2 It is reliable, low cost and highly sensitive method. Mammography o®ers high quality images at low X-rays radiation doses. Mammography uses low-energy X-rays that pass through a compressed breast of the patient and are absorbed bȳ lm. Mammography is the only widely accepted imaging method for routine breast cancer screening. It is recommended that women at the ages of 40 or above should have a mammogram every one to two years. 3 Among the various types of breast abnormalities which are visible in mammograms, clustered microcalci¯cations and mass lesions, distortion in breast architecture and asymmetry between breasts are the most dangerous ones. The most frequent type of breast cancer, detected before the invasion stage, is ductal carcinoma in situ (DCIS). The most frequent symptoms of DCIS recognized by mammography are clusters of microcalci¯cations. 4 Microcalci¯cations are tiny granular deposits of calcium that appear on the mammogram as small bright spots. 5 A cluster of microcalci¯cations is typically de¯ned as a group of at least three or¯ve microcalci¯cations within a 1 cm 2 region of the mammogram. 6, 7 Generally, clusters of microcalci¯cations are an important indication of possible cancer. Although computer-aided mammography has been studied over two decades, automated interpretation of microcalci¯cations is a challenging task. It is mainly due to their fuzzy nature, low contrast and low distinguishability from their surrounding because of the following reasons: (1) Microcalci¯cations are very small. The sizes of microcalci¯cations are in the range of 0.1À1.0 mm, and the average is about 0.3 mm. 8 Some isolated ones smaller than 0.1 mm cannot be distinguished in the¯lm screen mammography from the high frequency noise. (2) Microcalci¯cations are of various sizes, shapes and distributions, therefore simple template matching is impossible. (3) Microcalci¯cations may be low contrast so that the intensity di®erence between suspicious areas and their surrounding tissues can be quite slim.
(4) Microcalci¯cations may be closely connected to surrounding tissues and simple segmentation algorithms cannot work well. To deal with these problems, it is very important to enhance microcalci¯cations in suspicious areas in mammogram and suppress the background. For this purpose, mammogram enhancement techniques are used.
Some work has been done in the past for mammogram enhancement such as contrast stretching, 9 histogram equalization (HE), 10 convolution mask enhancement, 11 adaptive neighborhood enhancement, 12 and contrast limited adaptive histogram equalization (CLAHE). 13 Dhawan et al.
14 developed an optimal adaptive enhancement approach to improve adaptive neighborhood enhancement technique. Morrow et al. 15 proposed a region-based mammogram enhancement technique. Cheng et al. 16 proposed a novel approach to detect microcalci¯cations using fuzzy logic technique. In this approach,¯rst mammogram is enhanced using fuzzy logic. After this, global threshold is used to detect microcalci¯cations. In 2002, Cheng et al. 17 gave a novel fuzzy logic approach to contrast enhancement for mammogram image. This approach is based on the fuzzy entropy principle and fuzzy set theory. Jiang et al. 18 proposed a combined approach with fuzzy logic and structure tensor towards improved enhancement of possible microcalci¯cations in digital mammograms. Cheng and Jiang approaches are based on maximum fuzzy Shannon entropy principle. In 2009, Mohanalin 19, 20 used Tsallis entropy to enhance the contrast of microcalci¯cations in mammograms. In 2010, Mohanalin 21 used normalized Tsallis entropy to enhance the contrast of micro calci¯cations in mammograms. J. Mohanalin approaches are based on Cheng et al. 16 approach. Cheng et al. 16 approach used Shannon entropy while Mohanalin approaches used Tsallis entropy.
In this paper, a hybrid approach is proposed to enhance the contrast of microcalci¯cations while suppressing the background heavily, using fuzzy logic and mathematical morphology. First, the mammogram is fuzzi¯ed using Gaussian fuzzy membership function whose bandwidth is computed using Kapur measure of entropy. After this, mathematical morphology is applied on fuzzi¯ed mammogram. Mathematical morphology provides tools for the extraction of microcalci¯cations even if the microcalci¯cations are located on a nonuniform background. The main advantage of Kapur measure of entropy over Shannon entropy is that Kapur measure of entropy has and parameters that can be used as adjustable values. These parameters can play an important role as tuning parameters in the image processing chain for the same class of images.
The proposed approach is applied on images of MiniMammogram Image Analysis Society (MIAS) database (UK) to demonstrate its e®ectiveness and usefulness. In order to validate the results, several di®erent kinds of standard test images (fatty, fatty-glandular and denseglandular) of mini-MIAS database are considered. The results of the proposed approach are compared with HE, CLAHE and fuzzy histogram hyperbolization (FHH) based on objective image quality assessment parameters: Target-to-background contrast enhancement measurement based on standard deviation (TBC SD ), target-to-background contrast enhancement measurement based on entropy (TBC E ), contrast improvement index (CII), peak signal-to-noise ratio (PSNR) and average signal-to-noise ratio (ASNR). HE, CLAHE and FHH are well-established image enhancement techniques. The results of the proposed approach are quite promising.
This paper is organized as follows: Sec. 2 describes materials and methods. In this section, the role of Kapur measure of entropy in mammogram, the proposed approach for microcalci¯cations enhancement in mammogram and mammogram image quality assessment parameters are discussed; experimental results are given and discussed in Sec. 3; the paper is concluded in Sec. 4.
MATERIALS AND METHODS

Role of Kapur Measure of Entropy in Mammogram
Entropy is a concept of information theory. Entropy is used to measure the amount of information. 22 Entropy is de¯ned in terms of the probabilistic behavior of a source of information. If a random event A that occurs with probability P ðAÞ, then A will contain the following units of information:
The amount IðAÞ is called the self-information of event A. The amount of self-information of the event is inversely proportional to its probability. The basic concept of entropy in information theory has to do with how much randomness is in a signal or in a random event. An alternative way to look at this is to talk about how much information is carried by the signal. 23 Entropy is a measure of randomness.
Let p 1 ; p 2 ; . . . ; p i ; . . . ; p k be the probability distribution of a discrete source. Therefore, 0 p i 1 and P k i¼1 p i ¼ 1, where k is the total number of states. The entropy of a discrete source is often obtained from the probability distribution. Kapur measures of entropy 24, 25 may be described as
Mammogram is a combination of three individual objects, namely, breast background, tissue background and suspicious region. Breast background does not provide any information in diagnosis. So, breast background can be ignored in mammogram analysis study. Approximately, more than one-third of a mammogram is breast background. It could a®ect the average gray level value of the breast tissues. Hence, the average gray level value of the breast tissues is de¯ned as follows by excluding breast background pixels 16, 21 k ¼ 1 n
fði; jÞ; ð3Þ
where M and N are dimensions of the mammogram, R is the region having gray level values greater than 100, n is the number of pixels in this region and fði; jÞ is the gray level value at the coordinates i and j. Let p 1 ; p 2 ; . . . ; p kÀ1 ; p k ; p kþ1 ; . . . ; p L be the probability distribution of gray level values of mammogram, where p k is the normalized histogram of mammogram i.e. p k ¼ h k =ðM Â NÞ and h k is the gray level histogram of mammogram. From this distribution, we can derive three probability distributions, one for the breast background, second for the tissue background and third for the suspicious region. The probability distributions of the breast background, the tissue background and the suspicious region are shown as follows:
Probability distribution of breast background:
Probability distribution of tissue background:
; . . . ; p t P t À P kÀ1 ;
Probability distribution of suspicious region:
where P kÀ1 ¼ P kÀ1 i¼1 p i , P t ¼ P t j¼1 p j , t is the threshold value and L is the maximum gray level value of the mammogram.
From the de¯nition of Kapur entropy, the entropy of tissue background pixels and the entropy of suspicious region pixels can be de¯ned as follows:
Kapur entropy of probability distribution of tissue background pixels:
Kapur entropy of probability distribution of suspicious region pixels:
Kapur entropy-based thresholding approach 26 obtains the optimal threshold t K opt by maximizing
The optimal threshold t K opt separates suspicious region from the tissue background.
Proposed Approach for Microcalci¯cations Enhancement in Mammograms
The main purpose of mammogram contrast enhancement is to emphasize the contrast of microcalci¯cations while suppressing the background heavily inside digital mammogram images. To achieve this, fuzzy and mathematical morphology approaches are integrated in the proposed algorithm (PA). The general approach of the PA contains the following steps:
Step 
Graphical representation of Gaussian fuzzy membership function is shown in Fig. 1 .
Step 2. Compute local variance of input mammogram image Local variance is used to measure the nonuniformity of the input mammogram image. For local variance, a window of size 5 Â 5 is used. Such window is chosen for local variance because the size of microcalci¯cations is approximately equal to 5 Â 5 pixels. Local variance of a window of size 5 Â 5 can be de¯ned as
where xy is the local mean that is de¯ned as
where ðx; yÞ is the central pixel of window. The pseudo-code for computing local variance of the whole mammogram image is described as follows:
Step 2.1. Add elements of padding Suppose the size of input mammogram fði; jÞ is M Â N. Add two elements of padding to the vertical and horizontal dimensions of input mammogram image. So the new size of input mammogram fði; jÞ will be ðM þ 4ÞÂ ðN þ 4Þ. Step
Step 3. Find optimal threshold from local variance mammogram to calculate nonuniformity factor The area containing microcalci¯cations is usually inhomogeneous and the variance of this area would be larger than the tissue background region. So, an optimal threshold can be used to separate microcalci¯cations from the breast tissues. Such optimal threshold can be found by minimum error thresholding technique. 16, 29, 30 Let vp 1 ; vp 2 ; . . . 
where T is an arbitrary gray level, P 1 and P 2 ; 1 and 2 and 2 1 and 2 2 are the probability, mean and variance of the background and object classes, respectively.
Minimum
The nonuniformity factor can be calculated as
Step 4. Partially enhanced mammogram image Partially enhanced mammogram image can be obtained by using the following equation:
Step 5. Fully enhanced mammogram image using mathematical morphology Mathematical morphology provides tools for analyzing the shape and form of objects in an image. Thus, mathematical morphology tools can be used to determine the location and border of the suspected microcalci¯cations. 31 Top-hat transform is one of the mathematical morphology tools that can be used to extract microcalci¯cations even if the microcalci¯cations are located on a nonuniform background. 32 Mathematical morphology top-hat transformation of partially enhanced mammogram image is de¯ned as
where h SE is the opening of the image h by structure element SE.
where Â is called morphological erosion operation and È is called morphological dilation operation. In this experiment, a 7 Â 7 diamond structure element is used.
Mammogram Image Quality Assessment
For breast cancer detection, mammograms are ultimately to be viewed by radiologists. The only correct method of qualifying visual image quality is through Digital Mammogram Enhancement Using Kapur Entropy subjective evaluation. In practice, however, subjective evaluation is usually too inconvenient, time-consuming and expensive. 33 So À in this research work, image quality is evaluated through objective image quality assessment. TBC SD , TBC E , 34, 35 CII, 36 PSNR and ASNR 37 are widely used quantitative measures for objective image quality assessment. Such measures are used in this study to measure the performance of the PA for contrast enhancement of mammograms and compare with standard techniques HE, CLAHE and FHH.
Target-to-background contrast enhancement measurement based on standard deviation
The main objective of image contrast enhancement is to increase the di®erence between background and target mean gray level and ensure that the homogeneity of the mass is increased aiding the visualization of its boundaries and location. TBC SD is computed by dividing the difference between ratios of the average gray levels in the target and background area in the enhanced and original images with the ratio of the standard deviation of the gray levels in the target before and after the enhancement i.e. 
An e®ective enhancement algorithm will lead to a large value of TBC SD .
Target-to-background contrast enhancement measurement based on entropy TBC E is computed by dividing the di®erence between ratios of the average gray levels in the target and background area in the enhanced and original images with the ratio of the entropy of the gray levels in the target before and after the enhancement, i.e.
where "
T are the entropy of the target area in the enhanced and original images, respectively. The entropy of the area of image of size m Â n is de¯ned as
where p k is the normalized histogram of the area of image of size m Â n, i.e. p k ¼ h k =ðm Â nÞ and h k is the gray level histogram of the area of image of size m Â n.
For an e®ective enhancement algorithm, the value of TBC E should be higher.
Contrast improvement index
CII is de¯ned as
where, C E and C O are the contrasts for the target area in the enhanced and original images, respectively. The contrast for the target area in the enhanced image (C E Þ is de¯ned as
The contrast for the target area in the original image (C O ) is de¯ned as
For an e®ective enhancement algorithm, the value of CII should be higher.
Peak signal-to-noise ratio and average signal-to-noise ratio parameters should be higher for the better enhancement algorithm.
RESULTS AND DISCUSSIONS
In this section, the performance of the proposed approach is evaluated through the simulation results using MATLAB 7.7.0 (R2008b) for a set of mammogram images containing microcalci¯cations. A set of benign and malignant mammogram images containing microcalci¯cations is taken from mini-MIAS. In the PA, threshold plays an important role to¯nd the bandwidth of Gaussian fuzzy membership function. To¯nd optimal threshold for this purpose, Kapur entropy is used in the PA. Kapur entropy is a measure of entropy based on and parameters. These parameters play an important role to select optimal threshold values for di®erent kind of mammograms (fatty, fatty-glandular and dense-glandular). Many experiments have been made to select suitable parameters of Kapur entropy. From experiments, it is observed that most suitable values of and for fatty-glandular, fatty and denseglandular mammograms are 0.4 and 0.8, 0.1 and 0.9 and 0.2 and 0.9, respectively. Optimal threshold values obtained by using Kapur's measure of entropy for some di®erent kinds of mammograms are shown in Table 1 .
Secondly, in the PA, optimal threshold value from each local variance mammogram is found using minimum error thresholding technique. Such threshold values are shown in Table 2 . In order to demonstrate the e±ciency of the PA, the results of the PA, HE, CLAHE and FHH are displayed in Figs. 2À6. From visualization point of view, it is observed that the PA has more ability to enhance mammograms as compared to other mentioned enhancement techniques. From Figs. 2À6 , it is also observed that the PA can also detect microcalci¯cations even in dense mammograms. For objective evaluation of the PA, the above-mentioned objective image quality assessment parameters are used. Tables 3À6 show the performance of the PA, HE, CLAHE and FHH. From these tables, it is observed that the performance of the PA is much better than the mentioned enhancement techniques in terms of TBC SD , TBC E , CII, PSNR and ASNR.
In this study, results are also obtained when we used Shannon and Tsallis entropies in the PA instead of Kapur entropy. Figures 7 and 8 show enhancement of mammograms using Shannon and Tsallis entropies in the PA instead of Kapur entropy. Tables 7 and 8 
CONCLUSIONS
In this paper, an attempt is made to propose a hybrid approach to enhance the contrast of microcalci¯cations while suppressing the background heavily, using a fuzzy approach and mathematical morphology. To analyze the performance of proposed approach, a number of di®erent kinds of mammogram images (fatty, fattyglandular and dense-glandular) containing microcalci¯cations of mini-MIAS database have been taken. The results of the proposed approach are compared with the results of HE, CLAHE and FHH based on objective image quality assessment parameters. The results of this study show that the performance of proposed approach is far better than HE, CLAHE and FHH. In this study, results are also shown when we used Shannon and Tsallis entropies in the PA instead of Kapur entropy. It is observed that the results of Kapur entropy are more satisfactory as compared to Shannon and Tsallis entropies.
The results of this study are quite promising. This study can be very useful for radiologists to detect microcalci¯cations in mammogram. Thus, this study could, in a way, signi¯cantly contribute towards eventually controlling breast cancer. In the future work, parameters of Kapur entropy will be optimized automatically using arti¯cial neural networks. Secondly, microcalci¯cations will be extracted from suspicious regions of mammograms for characterizing as benign or malignant.
